discectomy and interbody fusion in which an HA graft and plate system were used. Six patients lost to follow up were excluded from the study, including two patients who died of unrelated causes at 8 weeks and 6 months postoperatively, respectively. Of the 54 remaining patients, 22 were men and 32 were women (Table 1) .
In 46 patients, the indication for surgery was radiculopathy (resistant to conservative treatment) caused either by a soft-disc herniation (28 cases) or spondylosis (18 cases). Two patients suffered from a spondylotic myelopathy, and six patients were treated for a posttraumatic cervical spine fracture or ligamentous instability.
A one-level fusion was performed in 40 patients (23 at C6-7, 15 at C5-6, one at C4-5, and one at C3-4) and a two-level fusion was performed in 14 patients (all at C5-6 and C6-7). Thus, 68 levels were studied.
Surgical Procedure
Surgery was performed via a standard right-sided anterior cervical approach. After incision of the anterior longitudinal ligament, the disc was completely removed and subchondral cartilage was carefully resected using curettes, without any drilling, for exposure of the cortical bone.
Spondylotic spurs and herniated disc fragments were removed in standard fashion to decompress the nerve roots and the spinal cord widely. The posterior longitudinal ligament was opened only in cases of extruded disc herniation.
Hydroxyapatite grafts (Synatite, SBM, France), made of pure synthetic calcium HA, are available in various heights and widths. They are trapezoid shaped to provide some degree of lordosis. Their superior and inferior surfaces are convex to fit the natural concavity of the vertebral endplates (Fig. 1) . The size of the graft was chosen to attain a slight distraction of the disc space and was determined by insertion of a metallic phantom (Fig. 1) . After placement of a Caspar intervertebral distractor, the HA graft was introduced in the disc space and positioned to ensure maximal contact with the cortical endplates.
In all cases, the procedure was completed by applying anterior plates. In the first 11 patients, fusion was performed using a Senegas or Orosco plate. In the other 43 patients, a Codman plate with a screw locking device (Johnson and Johnson, Raynham, MA) was used. Postoperatively, a soft cervical collar was applied for 6 weeks.
Follow-Up and Radiological Studies
Preoperative assessment included plain radiography, MR imaging, electromyography, and, in some cases, computerized tomography scanning. All patients underwent postoperative radiography to evaluate fusion, lordosis, and intervertebral disc height and to assess for graft-related complications. Plain radiography was performed at 3 days, 6 weeks, 3 to 6 months, 1 year, and then yearly until fusion was complete. The mean follow-up time was 24.6 months (range 7.4-58.2 months). The degree of lordosis was defined by the angle between two lines drawn parallel to the posterior wall of two adjacent vertebral bodies. Lordosis was systematically analyzed in the early postoperative period, and the condition of the spine was compared with preoperative status measured in eight patients in whom preoperative x-ray films were available. Postoperative MR imaging was performed in two patients.
Clinical outcome was assessed according to the Odon classification: an excellent or good result referred to complete or partial relief of symptoms with full return to activity; a fair result denoted improvement with some persistent limitation of activity; and a poor result indicated either no improvement or deterioration after surgery.
RESULTS

Clinical Course
At the last examination of the 46 patients with radiculopathy, 29 (63%) were shown to have excellent postoperative outcomes and 13 (28%) good outcomes, according to the Odon classification ( Table 2 ). Four patients (9%) in whom excellent or good results were demonstrated at 6 months were considered to have a fair result at the end of the study. Two of these patients complained of disabling cervical pain; this was probably explained by major degenerative changes in one case. The two other patients suffered residual radicular pain associated, in one case, with scapulohumeral periarthritis. Of the two cases with myelopathy, the symptoms stabilized in one and worsened in the other. In the posttraumatic group, five patients without preoperative deficits were asymptomatic after surgery and one remained quadriplegic.
On the whole, 19 patients experienced mild or moderate postoperative cervical pain. Of these, however, multilevel degenerative changes had been demonstrated preoperatively in 13 patients. The only surgery-related complication was one case of severe, permanent dysphagia, probably due to prominence of the plate, which was displaced by an anterior osteophyte. No infection occurred.
Radiological Findings
On x-ray films obtained immediately after surgery, we observed a remodeling of the bone-graft interface with progressive fading of the vertebral endplates. Thereafter, bone deposits were seen behind the graft. These deposits enlarged in time, finally coming to form a complete bone bridge between the endplates. Complete graft incorporation within bone was detected in 67 (99%) of 68 operated disc levels, after a mean follow-up period of 14.9 months (range 2-59 months); (Fig. 2) . In only one case, formation of a bridging bone posterior to the graft had not occurred after 22 months. This case was atypical, as the patient, in whom C6-7 fusion was performed to correct posttraumatic instability, presented with a Klippel-Feil malformation. The reduced mobility of the two upper vertebrae was probably responsible for placing increased stress on the fused segment. Despite the incomplete fusion, no spinal instability or pseudarthrosis developed.
In all cases, physiological lordosis was observed after surgery, even in patients presenting with preoperative kyphosis or spinal straightness. In eight patients in whom preoperative plain radiography studies were available, a mean gain of angulation of 11.3°(range 2-26°) was measured after surgery.
Preoperatively, an additional discopathy was identified at an adjacent level in 23 patients. This lesion progressed in two cases postoperatively. In four patients complaining of moderate cervical pain a new discopathy developed after surgery.
We observed a small graft collapse (Ͻ 2 mm) in two cases, a graft fracture without displacement in two patients, and a graft deterioration in 13 cases (Table 2 ). These radiological findings had no effect on the fusion or clinical outcome. No graft or plate dislocation was noted. One screw broke but remained attached to the plate by the locking device.
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Cervical spine fusion with HA graft and plate 3 On sagittal MR imaging, artifacts induced by the plate and screws were moderate and did not prevent analysis of the fusion process. The graft and the surrounding bone were clearly visualized on T 1 -and T 2 -weighted MR images (Fig. 3) .
DISCUSSION
Since it was first introduced in the 1950s by Smith and Robinson, 39 Cloward, 8 and Dereymaeker and Mulier, 10 anterior cervical interbody fusion has been extensively used with various grafts to treat segmental spondylotic myelopathy and radiculopathy. The chemicophysical characteristics of the HA graft allow it to satisfy these goals. The HA ceramics are composed of hydroxylized calcium phosphate and are chemically identical to natural HA of bone. 19, 21 The process of mixing these materials leads to porous ceramics with high osteoconductive properties. The graft can be invaded by newly formed bone that grows directly into the pores. 9, 11, 19, 21 Unlike other synthetic grafts, however, there is no interposition of fibrous tissue between implant and bone. 19 In experimental studies and, in particular, those in which electron microscopy observations are made, the authors have demonstrated the bioactive properties of HA grafts and their apparent ability to be directly bonded to bone, reproducing the natural bone-cementing mechanism. 11, 19 Unlike autografts and allografts, HA is not amenable to absorption by the host cells. Resorption of HA is very limited in both cell-and solution-mediated processes, in contrast to tricalcium phosphate compounds, which are rapidly resorbed. 11, 19, 21 Preliminary clinical results were published in 1986 by Koyama and Handa 23 and then by Senter, et al., 38 in 1989 and by Böker, et al., 4 in 1993. We also described our early experience in 1997. 33 This long-term study is the first to report the use of the HA graft combined with plate placement. We have demonstrated that this graft material is very effective in inducing cervical interbody fusion. The first step of fusion was always a remodeling of the bonegraft interface. Progressively, a bone bridge appeared around the graft, mainly posteriorly, and enlarged until total incorporation of the graft occurred. The rate of complete fusion was 99%, which is superior or at least comparable with that reported in the literature when other grafts were used. In only one patient, who presented with a Klippel-Feil malformation, was a partial fusion observed; however, no pseudarthrosis, spinal instability, or graft migration was noted during long-term follow-up study. Moreover, we observed fusion in all patients who underwent a two-level discectomy, although it has been suggested that a multilevel arthrodesis is often associated with a lower rate of bone union. 3, 7, 16 We also found that the trapezoid shape of HA grafts allowed for correction of all preoperative segmental kyphotic deformities. Physiological lordosis was noted postoperatively in all patients and persisted throughout long-term review. Furthermore, intervertebral and foraminal height was maintained until fusion was complete, and no significant collapse occurred. This observation can be explained by the good resistance of the material to axial load and absence of HA resorption. The intervertebral distraction provided by the graft has several positive effects on cervical spine and decompression of the neural structures: it prevents postoperative narrowing of the foramen 31 and contributes to the enlargement of the spinal canal by stretching the ligamentum flavum. 42 Clinical results were quite satisfactory and comparable with those obtained in other studies in which anterior surgical procedures were conducted. 3, 5, 7, 15, 22, 25, [27] [28] [29] 32, [34] [35] [36] No graft-related complication was observed. Although graft deterioration and fractures were observed radiologically, they did not impair fusion or the patient's clinical course.
Hydroxyapatite grafts, therefore, offer many advantages compared with other grafts types. Iliac crest autograft is associated with a significant donor-site morbidity and in particular pain. 24, 40 Moreover, the fusion rate seems lower when this graft is used. Using the Smith-Robinson technique, Bohlman, et al., 3 found pseudarthrosis in 13% of patients, 8% of whom required reoperation. Although some authors have found no relation between pseudarthrosis and fusion status, others have reported that the quality of fusion was considered to influence clinical outcome significantly, suggesting that motion at the level of the pseudarthrosis may contribute to residual nerve root compression. 3, 43 To improve the fusion rate, Emery, et al., 12 proposed burring of the endplate. This procedure has been shown to promote fusion but at the expense of a frequent intervertebral disc space narrowing due to the autograft's settling into the vertebral cancellous bone.
The use of allografts avoids having to harvest iliac crest bone, but the authors of several studies have shown that the graft collapse occurred in 20 to 30% of cases, with a loss of intervertebral disc height up to 50%. 1, 6, 45 The risk of collapse seems to be higher when cancellous bone material is used compared with cortical bone such as fibula. 17 On the other hand, a significantly lower fusion rate has been reported when iliac allografts instead of autografts and fibula allografts are used. 1, 6, 45 Moreover, in many studies in which autografts and allografts are used, the fusion rate statistically decreased as the number of fused levels increased 3 as well as in patients who smoked. 1 We did not observe these variations with HA grafts. Biocompatible osteoconductive polymer, 18, 26 methylmethacrylate 30, 41 and coralline grafts 2 have also been found to be poor fusion inducers. Furthermore, collapse and dislocations requiring reoperation are frequently associated with these materials. 2 More recently, interbody cages have become available. These devices have been shown to produce excellent results in terms of fusion, intervertebral disc space distraction, and correction of spinal deformity. 5, 16, 28 In two different series a 100% fusion rate was reported by authors who used carbon fiber as well as titanium cages. 5, 28 In one of these studies there was no case of instability, cage migration, or postoperative kyphosis. 28 In most studies, however, the cages were filled with autogenous bone taken from the iliac crest 5 or at the surgical site. 28 Questions may remain concerning anterior plating combined with the HA graft. In our experience, the main goal of using the plate is to ensure immediate stability and to prevent graft extrusion or fracture, by reducing the distortional forces applied to the graft during spine movements. In 1998, Kim, et al., 21 described the use of an HA graft without a cervical plate in 70 patients. In three cases, anterior or posterior graft dislocation required reoperation. This complication did not occur in our study. The plate can also contribute to restoring proper spinal alignment. 20 In several studies the authors have contended that correction of cervical deformities and preservation of the physiological lordosis were very important for several reasons: 1) to minimize the long-term adverse effects on the adjacent intervertebral discs; 2) to prevent delayed neurological deterioration in spondylotic myelopathy; and 3) to avoid ossification of the posterior longitudinal ligament. 13, 14, 20 In the series reported by Kim, et al., 21 without the supplemental fixation provided by the metallic plate, 40% of the patients with preoperative kyphotic deformity had segmental kyphosis postoperatively. Finally, anterior plating likely improves the fusion rate. 37 During the fusion process, the graft-plate system is strengthened, thus reducing the risk of late-developing pseudarthrosis. 37 Using coralline HA in a goat model, Zdeblick, et al., 44 demonstrated a significant increase in the rate of graft incorporation and a decrease in the rate of collapse when a cervical plate was also implanted.
CONCLUSIONS
An HA graft is a very effective material for promoting anterior interbody fusion, whatever the indication. It allows preservation of the intervertebral space geometry, maintenance of foraminal height, and restoration of the physiological lordosis, without significant complications. The additional implantation of a cervical plate provides immediate stability, making the procedure suitable for treatment of patients who have sustained traumatic spinal injuries.
